Stagnation flow studies form a key research area in numerous applications dealt with industry. When a fluid approaches a solid boundary, it undergoes severe deceleration along the axis of impingement. We present the experimental findings of the effects of stagnation point on polymeric flow systems. While coating metal sheets or wires with a polymer melt, the metal sheet forms a moving plane on which a steady flow of the melt is maintained. Further in the process the polymer melt cools down and forms a coating. Stagnation region exists around the point where the polymer melt first touches the metal sheet. We try to simulate this situation except in our experiments the solid plane is not moving. The polymer solution flows down the inverted T-channel and strikes the base where we obtain the stagnation region. Laser Doppler technique is used to analyze the flow profile in this region. Initial analysis includes the analysis of a Newtonian fluid which is compared to theoretical predictions. Polyisobutadiene solution with three different concentrations, 0.1%, 1% and 3%, was tested for observing the effect of the change in concentration on the flow patterns around the stagnation point. In the stagnation region the fluid is not completely stagnant but follows a non-streamwise motion.
INTRODUCTION
Stagnation point is defined as a point in the flow system where the fluid comes to a complete halt (velocity drops to zero). The typical examples considered to explain this kind of a flow are flow around cylinders Bird et al. (2002) , four roll mills Feng et al.(2000) , cross-slot flows Arjen et al. (1999) , and flow past sphere Papanastasiou et al. (2000) . The kinematics of stagnation point for invicid fluids and Newtonian fluids is much simpler as compared to that in viscoelastic liquids. The kinematics of the flow inside the stagnation zone have been studied here. It was noted by Berker (1975) , that in the case of viscoelastic liquids we achieve a stagnation zone instead of a point. With the then existing apparatus he was not able to explore the zone thoroughly to study the kinematics. Berker (1975) stated that this zone might not be completely stagnant but may contain non-streamwise motion of the fluid, probably eddy motion.
Stagnation point analysis plays a significant roll in the process of coatings. There are direct industrial applications of this study as shown by Davard et al. (2000) in their work on coatings. Polymer coatings form an important field of study considering their wide applications. Stagnation flow study has a significant contribution in the paper and textile industry Dae H.L et al. (1999) as well, considering today's specialized paper products and high quality clothing.
In this work we deal with experimental findings in the chosen flow geometry. A schematic for the flow situation dealt in this study is shown in Fig. 1 . In the case of Newtonian fluids we would achieve fully developed velocity profile as can be seen in Fig. 1 . But the viscoelastic liquids show a deviation in flow profile. We try to analyze viscoelastic systems qualitatively as well as quantitatively for exploring the effects of different parameters on the extent of deviations from the Newtonian case. The coatings industry being interested in the irregularities brought in during the coatings process are interested in knowing if there are flow reversals that exist in the stagnation region. Formation of minor eddies inside stagnation region could prove to be a big factor in coating quality. Thus careful observations are done to monitor if any flow reversals exist in the stagnation zone at increased polymer concentrations.
Many theoretical models like the Oldroyd B model, Giesekus model and K-BKZ model have been discussed by Bird et al. (1987) . These models have been showing good agreements with experimental results at high polymer concentrations. Ghosh et al. (2002) used a closed constitutive Adaptive Length Scale model to simulate a contraction expansion kind of a flow. This could possibly be a good model to simulate the flow situation dealt in our case.
EXPERIMENTAL SETUP
The experimental apparatus is designed to allow velocity profiles to be measured in the region of a stagnation point using Laser Doppler velocimetry (LDV). In this section we discuss several design considerations of the flow cell itself including construction materials and dimensions. Also, the section of fluids to be studied and the fluid properties are described. Finally, we discuss the velocity measurement method of LDV. 
FLOW CELL
A schematic of the flow system is given in Fig. 2 where the essential components have been labeled. In order to use the laser effectively, it is necessary for the walls of this apparatus to be optically transparent. Hence the flow cell is constructed with half inch thick Plexiglas as shown in Fig. 3 . This allows flexibility in measurements over the entire range of the flow cell. The flow channel is contained between two rectangular Plexiglas sheets, which form the front and rear portion of the setup. A silicone sealant and orings placed between the sheets and the vertical part of the channel prevent leakage. Bolts going across the two sheets support the vertical part of the channel. At the lower end of the vertical channel, two Pyrex glass blocks form the edges where the channel divides. The lower surface of the horizontal channel where the fluid impinges to form the stagnation zone and boundary layer is also of Pyrex glass. A gap of 1 mm is maintained between the Pyrex glass blocks and the front sheet of Plexiglas facing the laser. In Fig. 4 we illustrate the path of the laser beam entering the flow cell and crossing the solid-fluid surfaces.
When measurements are made close to the channel wall, one of the laser beams passes through the Plexiglas and through the liquid while the other one would pass through the Plexiglas, Pyrex block and the liquid. Fig. 4 demonstrates the utility of the 1 mm fluid gap and the importance of matching the indices of refraction for the liquid and the Pyrex glass. In Fig. 4a we illustrate the case when the refractive indices of the glass and liquid are unmatched such that one of the laser beams follows a path of complete internal reflection. This situation eliminates the intersection of the two laser beams and readings to be taken in the proximity of the wall become impossible. Thus these glass blocks should have closely matched refractive indices. A similar explanation could be given for the Pyrex block chosen as the bottom surface while measuring the z-component of the velocity in stagnation zone.
If the 1 mm gap between the Pyrex blocks and Plexiglas displayed in Fig. 3 had not been present then the case would be as shown in Fig. 4b . The beams instead of intersecting at the desired Point 1 actually intersect at Point 2 as labeled. This would lead to inaccuracy in determining the exact position of the intersection of the two laser beams; and therefore, prevent the correct velocity profile from being measured.
Considering the discussion above the flow cell was designed with a 1 mm gap between the Plexiglas and the Pyrex blocks where sample can enter and fill the gap. The refractive indices of the sample and Pyrex blocks are matched so that the two laser beams would intersect at the predicted coordinates as shown in Fig. 4c . The laser beams would behave as though there were no Pyrex blocks present.
Pyrex blocks around the stagnation region were slightly misaligned. This particularly brings in some variations in velocity as the fluid approaches the split. An estimation of error was done. The angle of misalignment b is given as: Hence the actual velocity would be (2) which indicates that the error would be negligible.
DIMENSIONAL ANALYSIS
As shown in Fig. 3 the aspect ratio for the upstream section is equal to a/b = 5.545, and for the downstream part as a/c = 8.714. In order to minimize the disturbance caused by the entry and exit effects on the stagnation zone some sort of estimation was required to decide the entry length. For the estimation of entry length, Middleman (1968) approach is a good approximation. This gives:
where L e is the entry length, <v z > m the maximum velocity to be employed, l the principle relaxation time of the fluid, and D the pipe diameter. In our case we let D correspond to the wetted perimeter L = ab/(a+b), and with standard l~ 0.1 s, <v z > m = 40 cm/s. From the above-mentioned formula for L we estimate the wetted perimeter to be approximately 0.5 cm. Thus the theoretical safe limit for the above ratio would be L e /L = 8. In actual construction this ratio is about 107. Thus we can assume that the entry length is sufficient for achieving a fully developed flow with both Newtonian and non-Newtonian solutions. The exit ratio is chosen similar to that chosen by Berker (1975) . The ratio of the flow area in the upstream channel to the sum of the flow areas at the exit arms is chosen to be 0.78. At the exit of the two arms the fluid is allowed to flow into an increased flow area.
CHOICE OF POLYMER/SOLVENT
The selection of a test fluid with appropriate properties is crucial. The parameters under consideration were: choice of polymer/solvent mix-
ture, the optical clarity, the compatibility with the material used to construct the flow cell, cost and availability. Because of these reasons and the extensive research done on the physical and chemical properties of Polyisobutylene (PIB), it was chosen as the appropriate polymer.
The solvent was chosen to have a reasonably high solubility for PIB. Even for good solvents, the polymer mass fraction does not typically exceed 5%. Therefore, for the solution to have the required index of refraction to match with the Pyrex blocks in the flow cell, the solvent itself must have a reasonably high index of refraction. The solvent must also be compatible with the material and adhesives used in the construction of the flow cell. The solvent NORPAR 13, which is a mixture of normal paraffins, was selected for its compatibility with Plexiglas and its high solubility for PIB; however NORPAR 13 has a low refractive index. The solvent Chlorowax, which is a liquid chlorinated paraffin, is added to increase the refractive index. Chlorowax has much higher viscosity than NORPAR 13 and thus becomes more difficult to pump. Finally, 1-Bromonaphthalene, which has a high index of refraction (1.658 at 589.3 nm) is used to optimize the quantity of Chlorowax being added to obtain a solution with lower viscosity. The 1-Bromonaphthalene could not completely eliminate Chlorowax being used because of two reasons. First, 1-Bromonaphthalene is difficult to handle due to its toxic nature and the second being its sensitivity towards light. When exposed to sunlight it turns brownish in color. This affects the optical clarity of the solution. Pyrex glass has a refractive index of 1.474 measured with 589.3 nm wavelength light. A mixture of 47.4 % Chlorowax, 46.06 % NORPAR 13 and 6.54 % 1-Bromonaphthalene by volume yields a solution with refractive index (589.3 nm) of 1.474. Adding small quantities of PIB would increase the refractive index but could be easily corrected by adjusting the quantities of Chlorowax added.
Initial analysis was done with Newtonian fluid. The obvious choice for the Newtonian fluid was the mixture of the solvents. This helped avoiding contamination of the system, as it was difficult to clean the T-flow cell after each trial. Newtonian liquid characteristics like density, viscosity were measure with appropriate methods and accuracy.
OTHER FLOW UNITS
A peristaltic pump is used in this system. Specific reason for the use of peristaltic pump is that the fluid does not directly come in contact with the pump. This avoids disintegration of polymer molecules due to abrasion. The pump capacity is up to 8 L/min. Half-inch flexible Tygon® tubing is used for transporting the liquid. This was the recommended tubing for the pump used. Tygon® is a type of Silicone tubing with good chemical resistance.
The reservoir is made up of Plexiglas and is open to atmosphere. Silicone is used as an adhesive for Plexiglas. A pulsation dampener coupled with the peristaltic pump, smoothened the flow of the fluid in the system. Flow requirements of the system for analyzing the stagnation zone require a steady flow. The dampener used in the system could not eliminate the pulse completely for the low viscosity Newtonian solution. The polymer solutions have a good self-dampening capability. When readings were taken across the channel upstream multiple times, the deviations observed were less than 1%. But this might be a factor contributing to the disagreements in the data shown in Fig. 5 where the experimental and theoretical Newtonian flow profiles are compared.
MEASURING SYSTEM
This section provides an overview on the LDV and its use in the system to obtain point velocities at different locations in the flow cell. The LDV system used for acquiring the velocity profiles is a TSI instrument (9201 Colorburst) with a 300mW Argon ion laser used to provide fast and reliable velocity measurements. This technique being non-invasive helps in performing velocity measurements without disturbing the flow pattern. LDV incorporates the state-of-the-art optical technique for determining the point velocities using back scattered light generated by a particle crossing the interference fringes formed by two intersecting laser beams shifted in frequency. Among other things, the LDV technique requires precise optical alignment to maximize the precision by which the LDV system measures the velocities. With good alignment and careful measurements this model allows accurate measurement of velocities as low as 0.8 mm/s.
The LDV system consists of six components; Laser, Multicolor Beam Separator, Colorlink Plus Multicolor receiver, Signal Processor, Computer and the Probe. The LDV system used was capable of measuring one component of velocity at a time. Hence one set of measurements was done to measure one component of velocity after which the probe was rotated to measure the other component of velocity at the same set of points. Since we consider two-dimensional flow, two sets of measurements yield the complete velocity profile in the test channel. The point velocities noted are averaged over the finite-sized measurement volume. The standard deviation is set to a default value of 10%. Any kind of noise arising from the LDV or due to vibrations of the flow cell has been tried to be eliminated.
RESULTS AND DISCUSSION
In this section, we discuss the results for stagnation flow for fluids of different levels of elasticity. First, we study a Newtonian fluid and compare the experimental data to the analytic results. Second, using the Newtonian fluid as a solvent, we study a polyisobutalene solution of three concentrations, and thus, three degrees of elasticity. Selected results are displayed in the form of graphs.
NEWTONIAN RESULTS
The obvious choice for a Newtonian solution was the base solvent used in the system. A Newtonian solution would provide a check on the reliability of the method. Experimental results are compared with theoretical data to verify the results. Measurements taken far upstream of the bottom wall give a parabolic velocity profile that can be compared to the well-known solution for flow in a straight conduit of rectangular cross section. In Fig. 5 we observe good agreement between the theoretical predictions and experimental findings at 15 mm upstream. It can be seen in Fig. 5 that some disagreement exist between theoretical predictions and experimental findings near the channel walls (x = 0 and x = 10). Further investigations led to a conclusion that this disagreement is due to small misalignments of the blocks in the area of stagnation region. As discussed in Section 2.2, the entry length is adjusted such that a fully developed flow is achieved before the flow splits. This becomes distinct from the flow profile seen in Fig. 5 . Entry length for the higher viscosity polymer solutions would be shorter than for the Newtonian solution. This would be verified in our later discussion. It is clear from Fig. 5 that for the Newtonian solution, the flow is fully developed in the upstream channel. A vector plot of velocity in the region of the flow split is shown in Fig. 6 . As a symmetric flow profile was expected, readings are taken only on one side of the flow cell. In Fig.  7 , readings are obtained at a fixed distance (0.1 mm) above the bottom wall as the traverse moves along the x-direction. The velocity (v x ) increases linearly as we move away from the origin. A maximum in velocity is obtained at the point of contraction of the flow, which was expected. Further downstream the velocity reaches steady state, which indicates that exit effects on stagnation point are eliminated. Plateau regions in Fig. 8 point out the maximum flow velocities for each case along the centerline and Fig. 9 shows a magnified region close to the stagnation point. Thickness of the stagnation region was expected to be approximately 0.5 mm above the bottom plate and hence the magnified region concentrates in that region. Berker (1975) suspected the linear behavior to be specific to his channel, but from our study we see that this linear variation is independent of the type of channel and is a behavioral characteristic of Newtonian fluids. The reason for linear variation in the case of Newtonian solution is the absence of any kind of elastic effects, due to stagnation point, on the upstream region. Similar to what we saw in Fig. 7 , where stagnation point had no effects downstream, we confirm from Fig. 8 that there are no effects of stagnation point in the surrounding region for the Newtonian case. Exploring the entire region above the stagnation point, Fig. 8 indicates that as we move above the point where the fluid splits (6.8 mm) we obtain a constant velocity, which corresponds to the maximum velocity in Fig. 5 . All the findings for the Newtonian solution agree with the theoretical predictions. Thus we have gained substantial evidence to prove that the data recorded is reliable.
POLYMER SYSTEM
Three different solutions are considered for testing in the flow channel. Starting from a concentration of 0.1% polymer, the effect of concentra- 1% polymer concentration was also tested to observe the trend in flow behavior as a function of concentration. In order to ensure that the polymer chains do not break during the mixing process, the solution was prepared in a tumbler for low-shear mixing. In this method, measured quantity of Norpar 13 solvent is filled in a ceramic container with the required amount of polymer. The mixture is then tumbled for about 7-10 days to ensure that a homogeneous mixture is formed. It was observed that the thickness of stagnation region is directly proportional to the flow rates. As we are interested in exploring the stagnation zone we would want it to be of maximum thickness. Hence all our experiments are done at maximum possible flow rates that are feasible in our system.
The upper limit to the flow rates is set by two main factors: pressure drop over the flow cell and chaotic flow caused by pulsation in the pump. Pressure plays an important role in controlling the flow rates, especially when the concentration of the polymer is increased and the fluid becomes more viscous. At higher pump speeds, the pressure dampener fails to respond fast enough to eliminate pulsations. Presence of pulse disrupts the readings at each point in the system as the flow becomes unsteady. Considering these facts the flow rate had to be optimized accordingly for different samples. It was observed in our experiments that the thickness of stagnation region is directly proportional to the flow rates. We concentrate more on the study of kinetics of this region. Fig. 5 shows the fully developed flow profile at 15 mm from the bottom wall for the 0.1% polymer solution. This corresponds to 8.2 mm above the flow splits. We investigated the possibility of secondary flow formations in the rectangular duct by measuring the second component of velocity in the flow channel upstream and found negligible velocity. This measurement confirmed that the upstream flow was fully developed and uniaxial. Berker (1975) used the Oldroyd 3-constant model to calculate the flow in similar rectangular channel geometry and calculate no secondary flows, consistent with our experimental findings. Bou-Reslan et.al. (2003) have pointed out the effects of varying viscosity on rectilinear flows. This work indicates presence of secondary flows with an introduction of small perturbations in viscosity. But as the variations in viscosity in our case would be extremely small, the magnitude of the secondary flows produced is very small as well and hence can be neglected in the calculations. A detail study on flow of nonNewtonian fluids using power law in rectangular ducts was done by Gao (1993) .
'S' shaped curves are obtained for the variations in v z as we move along the center of the channel in the z-direction. The term 'S' shaped is loosely used for the deviation in the curves obtained with the polymeric liquids compared to the Newtonian flow profile. Fig. 8 and With increase in concentration of polymer the deviations from Newtonian behavior are distinct which is obvious. But also the variations are quite pronounced if a comparison between the three polymer solutions is considered among themselves. The flow sensitivity for concentration changes is stressed here. The effects of stagnation zone are seen extending upstream in either case thus the velocity profile does not flatten out completely as seen in the Newtonian case far upstream. Figure 8 indicates that the upstream velocity of the 1% polymer solution is the highest followed by the 0.1% polymer solution followed by the Newtonian fluid. But the stagnation zone for the 1% solution shows fluid moving with minimum velocities through the thickness of the stagnation zone shown in Fig. 9 . Also the thickness of the stagnation zone has increased from 0.4 mm as seen for the 0.1% polymer solution to 0.6 mm for the 1% polymer solution. This can be explained by imagining higher polymer interactions at increased concentrations. Hence the dependence of the thickness of stagnation zone on polymer concentration is evident.
A vector plot of the 0.1% polymer solution is shown in Fig. 10 . The main intention of showing this plot is to demonstrate the fully developed flow. This magnified vector plot indi-cates no reversals in the flow direction which is a point of concern for the coatings industry.
The data obtained here leads to the conclusions that there definitely exists a nonstreamwise motion of the fluid in the stagnation zone. Increase in concentration indicates an augmented effect on the behavior of the flow profile in the zone. As noted, the 1% solution compared to 0.1 % solution the stagnation zone has fluid moving with lower velocities in spite of greater mainstream velocity.
Further increasing the concentration to 3 % polymer changed the trend. The mainstream velocity upstream was adjusted to 0.15 m/s, which is the highest among all the test solutions used. But here the trend of lowering the stagnation region velocities does not continue as can be observed in Fig. 9 . The velocities in the stagnation region are greater than that for the 1 % polymer solution. This observation adds an interesting point to our results. The stagnation region does not seem to head towards a complete stagnation simply by increasing the polymer concentration.
These observations are still insufficient to predict the behavior of highly concentrated solutions or polymer melts in this type of a flow. A possibility of flow reversals or formation of eddies cannot be eliminated for higher concentrations. An added energy due to increased mainstream flow velocities but enhanced polymer interaction due to increase in concentration could produce small re-circulations in stagnation region. Our observations indicate the flow to be remarkably sensitive to increase in concentration. This observation brings in a lot of optimism for expecting drastic changes in flow profiles inside the stagnation zone for exceptionally high concentrated polymer solutions or melts.
CONCLUSIONS
Results have been compared with previous experiments and have been proved to show good agreements. As far as experimental findings are concerned, the constructed apparatus works well with the parameters chosen and successful data acquisition is done close to the walls. The refractive index matching technique has been mastered for the measurements to be done in close proximity of the wall. LDV technique is an accurate non-evasive technique, which provides good spatial resolution to study the kinematics of stagnation region. The experimental Newtonian velocity profiles indicate excellent agreements with theoretical calculations. This comparison provides us with a good idea on the authenticity of the data acquired by the LDV technique.
Increase in the concentration of polymer has shown to affect the stagnation zone significantly. The thickness of the stagnation zone has also been shown to increase with increase in concentration to a certain limit. The S-shaped profiles deviate significantly from Newtonian flow profile at higher concentration of the polymer in the solution. This indicates increased polymer interaction around the 'Stagnation Zone' with increased Deborah number. No definite conclusions can be drawn about how the polymer would behave at higher concentrations. The data acquired in the range of concentrations tested shows significant change. A clear non-streamwise motion is observed in the stagnation zone. Whether or not the flow would become completely stagnant in the region of stagnation zone is not clear for increased polymer concentrations.
To extend this work further, simulations could be done using ALSC model and compared to the experimental findings. If proved to agree, then effects of varying different parameters like aspect ratio of flow channel or increased polymer concentration could be determined apriori and then confirmed using experiments. Further investigations could be done to obtain a better solvent to increase polymer concentrations. By using polymers with different molecular structure, the effects of molecular structure on the behavior of 'Stagnation Zone' could be explored. Since the change in concentration of the same polymer introduces significant changes in flow behavior, it is certain that different kind of polymers would show varied behavior in this flow, as the kind of molecular interactions in the stagnation region would change.
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